We present angle resolved photoelectron data for the ionization of all N 2 outer valence shells namely the 3σ g , 1π u and 2σ u states in the photon energy region from 19 to 50 eV with a photon energy step width down to 20 meV. Signatures due to the autoionization of doubly excited Rydberg states and the corresponding vibrational progression are observed in the dipole electron angular distribution parameter β. They are compared with recent calculations. We also find evidence for theoretically predicted sharp resonance effects due to channel coupling in the electron angular distribution of 1 π −1 u . Shape resonance and channel coupling effects are discussed for all outer valence orbitals with respect to recent theoretical findings.
Introduction
Angle-resolving photoelectron spectroscopy is a wellestablished method to get an insight into the electronic structure of atoms and molecules. The understanding of simple molecular models as for example the electronic structure of N 2 is essential for studying more complex targets. Experiment and theory agree on several basic electron angular distribution effects after photoionization of the N 2 valence shells. However, discrepancies persist in the photon energy region close to threshold. For such low electron energy angular distribution studies, the dipole approximation is valid. They are commonly based on the differential cross section for the ionization by plane-polarized radiation which is given by gives the direction of the photoelectron momentum vector, σ is the integrated cross section, β is the angular distribution anisotropy parameter, P 2 is the Legendre polynomial of second degree and θ is the angle between the plane of polarization and the measured photoelectron. Accordingly, β ranges from −1 to +2.
In order to shed light on the expected photoionization phenomena in the photon energy range close to threshold, existing (absolute) cross-section studies are helpful. Gürtler et al (1977) initially showed in their high-resolution study 1 Author to whom any correspondence should be addressed. that the total cross section of N 2 exhibits narrow resonance signatures beyond the access of present angular distribution data. Their results and the ones of Peatman et al (1978) and Berg et al (1991) showed that already very close to the threshold, the autoionization of the vibrational progressions of different Rydberg states has a strong influence on the photoionization cross section. Photoelectron spectroscopy, used to obtain partial cross sections for each valence state (e.g. Hamnett et al 1976 and Bolognesi et al 2004) , could give an insight into how the individual valence states are affected by the resonances. Additional information can be derived from photoelectron angular distribution studies. Some Rydberg resonances have already been studied with comparable resolution and accuracy very close to threshold by West et al (1990) , Shaw (2011) and O'Keeffe et al (2012) . Published experimental β-studies at higher photon energies (e.g. Marr et al 1979 , Carlson et al 1980 , Southworth et al 1986a , Iga et al 1989 primarily investigate the influence of shape resonances and channel coupling. In the photon energy range presented in this paper, no clear picture has evolved so far as it is shown in figure 1. It is part of this work to clarify the discrepancies of the published experimental data and to find and interpret several unexplored signatures. Theoretical data on the relevant electron angular distributions of the N 2 valences are available from Lucchese et al (1982) , Lucchese and Zurales (1991) , Stratmann et al (1995) , Cacelli et al (1998) , Toffoli and Decleva (2006) , Decleva (2010) Marr et al (1979) (open triangle), Carlson et al (1980) (black triangle), Southworth et al (1986a) (black circle), Iga et al (1989) (grey triangle) and Hemmers (1993) (open square) are included in the figure. and Tashiro (2010) . Detailed references and comprehensive introduction to the related available theoretical models can be found in Cacelli et al (1998) . Contributing experimental data are available from Marr et al (1979) , Carlson et al (1980) , Southworth et al (1986a) , Iga et al (1989) and Hemmers (1993) . Figure 1 shows the existing theoretical and experimental data for the electron angular distribution parameter β of N 2 3σ g ionization. The theoretical curves are taken from Decleva (2010) and Tashiro (2010) . In the experimental data one can clearly see a dip in the energy region from 20 to 23 eV which is thought to be originated by Rydberg-enhanced coupling to the C 2 + u state (Codling 1966) or by doubly excited valence-like states (Wendin 1979) . Following the arguments of Southworth et al (1986a) , the interpretation of Wendin (1979) is supported due to the short lifetimes of doubly excited valence-like states explaining the broad width of the discussed dip in the photon energy dependence of β. Compared to doubly excited valencelike states, Rydberg-enhanced coupling should lead to features with smaller energy width due to their longer lifetime. The N 2 shape resonance cannot explain these observations because it should be spread over more than 5 eV. Furthermore, only a small influence on the vibrationally averaged β-parameter is expected (Carlson et al 1980 , Dehmer et al 1979 . Such an effect related to the shape resonance is observable in vibrationally resolved data for the ionization of the 3σ g and the 2σ u states as shown by Southworth et al (1986a) . Iga et al (1989) observed a signature of the shape resonance especially in the cross section of the 3σ −1 g v = 2 channel being in qualitative agreement with theory by Lucchese and McKoy (1981) . However, it is concluded that the vibrationally averaged β for the non-resonant case is affected by less than 5% due to the much higher cross section of the v = 0 state in comparison to the v = 1 and v = 2 states (Dehmer et al 1979) .
Based on the experimental and theoretical results available, we conclude that different mechanisms have been proposed to explain the threshold energy region of N 2 , but a convincing experimental proof is still lacking. The main differentiations of the three dominant mechanisms discussed, namely shape resonances, doubly excited valence-like states and Rydberg enhanced resonances, are their lifetime and the inversely proportional energy width of the associated resonance. The latter property ranges from more than 5 eV for shape resonances to less than 100 meV in the case of Rydberg resonances. The aim of this study is to obtain experimental data with high accuracy to aid the interpretation of the effects discussed in the literature. It is expected that the angular distribution parameter contains complementary information with respect to the cross-sectional data and therefore we expect to gain additional information using angle-resolving photoelectron spectroscopy.
Experiment
The experiments were performed at the 4.45 GeV positron storage ring DORIS III at DESY in Hamburg (Germany) at the BW3 undulator beamline using an SX-700 plane grating monochromator equipped with two plane gratings providing synchrotron radiation from 15 to 1500 eV (Larsson et al 1994) . The high flux (>10 12 photons s −1 ) of the undulator in the relevant energy region was essential to obtain electron angular distribution data sets with large overlap within a reasonable amount of time. A polarization analysis using the Helium 1s line and several Auger electron lines indicated a degree of linear photon polarization of more than 98%. Data were taken in the five bunch modes of DORIS III providing a positron bunch spacing in the order of 200 ns. This allowed us to acquire time-of-flight spectra covering all kinetic energies of interest. The photon energy resolution of the beamline was better than 15 meV in the presented photon energy range. The energy resolution of the spectrometer was 4% of the kinetic energy of the detected electron.
The electron time-of-flight spectra were recorded using an angle-resolving photoelectron spectrometer consisting of up to 16 independently working MCP-based time-of-flight detectors with an acceptance angle of 3.2 % of 4π in total. All detectors were aligned in the dipole plane with respect to the incident radiation. The bulk of the data was recorded when the spectrometer setup was in a prototype status only consisting of four time-of-flight detectors. Two contributions of uncertainties affected the accuracy of our data: an absolute error and a relative error. Due to the high efficiency of our setup, the relative error is only statistical (typically < ±0.02 β-units). A systematic uncertainty of ±0.05β units was deduced by comparing several independent data sets obtained with the few angle combinations in relation to the final setup with all 16 detectors during a later experiment.
Data processing was done using an automatized peak detection and fitting algorithm for detector calibration as well as for β determination. A time-to-energy conversion of the spectra as well as the transmission calibration for each detector was done using the Ne 2p and 2s electrons covering the whole Berg et al (1991). kinetic energy range of interest (Wuilleumier and Krause 1974 and Southworth et al 1986b) . This calibration was done prior and after the N 2 measurements and has been cross checked at selected kinetic energies using several XeN 4,5 OO Auger electron angular distributions (Southworth et al 1983) .
Results and discussion

Angular distribution of 3σ
−1 g electrons Figure 2 shows the development of the angular distribution over the photon energy. The formerly observed dip in the β-parameter at hν = 22 eV is clearly verified with our data. It is in principal in agreement with former experiments but more structures can be seen in our data. The theoretical data of Tashiro (2010) indicate this deep dip with additional sharp features superimposed at photon energies above 24 eV. The large scatter in former experimental results can primarily be attributed to the use of light sources with a lower degree of linear polarization and lower flux as e.g. bending magnets. This results in a much higher statistical and systematical uncertainty.
A zoom in the region of the rising edge of the structure at 22 eV is shown in figure 2. This detailed plot unravels clearly defined Fano-like profiles being strong β-fluctuations with FWHM < 200 meV. These features start directly at the bottom of the rising edge of the dip at 22 eV and fades out to 26 eV. We propose that this structure could occur due to the widely discussed Rydberg-enhanced autoionization states converging to C 2 + u (Codling 1966 , Gürtler et al 1977 , Berg et al 1991 superimposed on the feature due to valence-like doubly excited states (Wendin 1979) . As depicted in figure 2 the photon energy positions of the observed resonance structures are in remarkable agreement with the total ion yield findings of Berg et al (1991) Further hitherto unobserved features for the 3σ g ionization can be seen at 26.5 and 29 eV. The latter is placed at the centre of the shape resonance according to theory (Stephens and Dill 1985) . Bearing in mind the interpretations of Dehmer et al (1979) and Carlson et al (1980) pointing to a width of the shape resonance of larger than 5 eV, we do not see a direct correspondence in these features with the shape resonant origin because of their smaller width of ∼ 1 eV. These patterns are most likely to be originated from doubly excited valencelike states. Similarly, broad resonances were observed for the partial photoionization cross section as well as for branching ratios by Erman et al (1996) , Sannes and Veseth (1997) , Alvarez Ruiz et al (2003) and Bolognesi et al (2004) . They are located in the same photon energy region although the energy positions as well as the number of resonances are not in full agreement.
Angular distribution of 1π
−1 u electrons For the angular distribution of the electrons emitted from the 1π u state fewer theoretical and experimental results are available. Nevertheless, the calculations of Tashiro (2010) and formerly that of Stratmann et al (1995) triggered a search for sharp fluctuation features in this ionization channel.
The electron angular distribution of 1π u ionization leading to the A 2 + u state is shown in figure 3 . The experimental data of Hemmers (1993) and Marr et al (1979) are underlining the gross shape of our β-data over the photon energy. A formerly discussed peak in the experimental data of Marr et al (1979) at around 38 eV assigned to be a Rydberg series converging to the 2σ g state Zurales 1991, Cacelli et al 1998) cannot be confirmed by our results. The general agreement of our data with calculations of Cacelli et al (1998) , Decleva (2010) and Tashiro (2010) is very good. The results of Cacelli et al (1998) suggest that interchannel coupling is not very important here except for the near threshold photon energy region. However, their single-channel results seem to be even closer to our data in that photon energy range. Major discrepancies are found in a predicted resonance feature between 20 and 21 eV by Tashiro (2010) which is not evident in our data. The calculated fluctuations in the β-parameter between 25 and 35 eV predicted by Tashiro (2010) are not in full agreement with our data but resonance structures of comparable width are found in the range between 22 and 26 eV ( figure 3 ). This clearly indicates that further theoretical progress is needed to accurately describe our observations.
Angular distribution of 2σ
−1 u electrons According to Southworth et al (1986a) , the 2σ −1 u electron angular distribution shows a strong β-feature in the energy range from 27 to 32 eV. This feature is supposed to be shape resonance related but absent in the data of Tashiro (2010) . It is not confirmed by other experiments (cf figure 4) . The theory of Stephens and Dill (1985) including a coupling of X 2 + g and B 2 + u channels supports this feature only in very qualitative agreement. Calculations of Tashiro (2010) including the relevant coupling mechanism are not showing this strong feature which can be tentatively explained by the vibrationally selective behaviour of the N 2 shape resonance.
The electron angular distribution of the 2σ u ionization leading to the B 2 + u state from threshold to 50 eV is shown in figure 4 . Due to the smaller cross section, the statistical uncertainty in this data is higher than for the 1π u and for the 3σ g . The features up to 25 eV shown in the figure are within our errorbars and were not reproduced in later experiments. Experimental data of Marr et al (1979) , Southworth et al (1986a) and Hemmers (1993) our data. The calculations of Cacelli et al (1998) including the interchannel coupling show a plateau between 26 and 35 eV in the β-parameter absent in the calculations of Tashiro (2010) and Stratmann et al (1995) but consistent with our data even though the absolute β-value is differing. The Cacelli et al (1998) calculations show a substructure of two peaks superimposed on the mentioned plateau. Both are indicated by our data even though the second to a lesser extent. The strong β increase in the calculations of Cacelli et al (1998) after the plateau is not in agreement with our data but the absolute β-values do converge above 45 eV.
A signature of the shape resonance in the anisotropy parameter β of the 2σ −1 u is discussed in Southworth et al (1986a) and Stephens and Dill (1985) . A continuumcontinuum coupling between the 3σ −1 g and the 2σ −1 u ionization channels is interpreted to lead to a broad and deep dip in the anisotropy parameter between 27 and 32 eV. These findings are not quantitatively supported either in the calculations of Stratmann et al (1995) and Tashiro (2010) or in our data. Qualitatively, the discussed plateau pattern in our data could be an indication of the suppression of the shape resonance due to vibrational averaging. However, this would not explain the discrepancy between our data and the results of Marr et al (1979) in this photon energy region.
In the 2σ
−1 u channel, the situation for the theoretical description is similar to the other two outer valence states. There is some general agreement; however a description of the details observed by our experiment is still lacking.
Summary
We have presented a high-energy resolution study for the dipole angular distribution anisotropy parameter β for all N 2 outer valence shells for a photon energy region from 19 to 50 eV. For the 3σ g ionization, sharp fluctuations on the rising edge of the dip at 22 eV with a FWHM less than 200 meV are shown. They can be explained by the autoionization of the vibrational progressions of the different Rydberg states. Additional broader peaks at hν = 26.5 eV, hν = 29 eV in the angular distribution parameter of the 3σ Southworth et al (1986a) and Marr et al (1979) , we observe different β-parameter behaviour of the electrons emitted from the 2σ u state. This calls for a different interpretation of the possible influence of the shape resonance on vibrationally resolved data.
The new highly accurate β-data sets for all outer valence shells of N 2 should encourage theoreticians for further considerations on the angle-resolved photoionization dynamics of N 2 .
